A Typical Solar-coal Hybrid Power Plant in China  by Hong, H. et al.
 Energy Procedia  49 ( 2014 )  1777 – 1783 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2013 H. Jin. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer review by the scientifi c conference committee of SolarPACES 2013 under responsibility of PSE AG. 
Final manuscript published as received without editorial corrections. 
doi: 10.1016/j.egypro.2014.03.188 
SolarPACES 2013 
A typical solar-coal hybrid power plant in China 
H. Honga, S. Penga,b, Y. Zhaoa, Q. Liua , H. Jina,*  
aInstitute of Engineering Thermophysics, Chinese Academy of Sciences, Beijing, China 
bUniversity of Chinese Academy of Sciences, Beijing, China  
Abstract 
This paper proposes a 330 MW coal-fired power plant hybridized with solar heat, which will be demonstrated in Sinkiang 
province of China. In this solar hybrid plant, solar heat at around 300oC is used to replace the steam extracted from the high-
pressure turbine, to pre-heat the feed water before the economizer of the boiler. In this way, the replaced high-temperture and 
pressure steam can be further expanded in the turbine, boosting output work of the coal-fired power plant. At the same time, 
compared to present solar-only thermal power technology, the solar heat at around 300oC here can be converted into electricity 
by the aid of larger capacity units of the coal-fired plant with higher turbine internal efficiency. Furthermore, this kind of solar 
hybrid power plant can be operated at a fully rated output during periods of low solar radiation such as the evening and overcast 
days without storage device. As a result, the annual net solar-to-electric efficiency could reach up to 21%, with the improvement 
of nearly 3 percentage points, compared to the state-of-the art parabolic trough plants, such as SEGSs. And the levelized cost of 
electricity generation (LCOE) could be reduced to 0.8-1.0̞/kWh, about 20-30% lower than that of the solar-only thermal power 
plant (1.1-1.3̞/kWh). This kind of solar-coal hybrid power plant would offer a promissing approach to the cost-effective and 
scalable utilization of mid-temperature solar heat in the near and mid term. 
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Nomenclature 
DNI Direct normal irradiance (W/m2)  
SAM Standard system advisor model library 
FWH Feed-water heater 
SWH Solar feed water heater 
ISCCS  Integrated solar combined cycle system 
EUD  Energy-utilization diagram 
SEGS Solar energy generating systems 
LCOE  Levelized cost of Electricity  
N Gross electric generation 
Q Quantity of heat 
η Efficiency 
A Collector aperture 
I Radiation 
1. Introduction 
An emerging technology known as concentrating solar power (CSP) holds great potential for countries with 
abundant sunshine and clear skies. The electrical output of CSPs matches the changing daily demand for electricity 
in places where air conditioning systems are commonly used. The International Energy Agency forecasted that CSPs 
could provide 11.3% of global electricity by 2050 [1].  
Parabolic trough solar thermal power is a promising technology for large-scale solar electricity generation. 
However, solar-only power plants have to be operated under the off-design condition during most of the day because 
of the discontinuity and instability of solar radiation. 
Since the 1990s, considerable attention has been directed toward hybridizing solar energy with fossil power 
plants, in consideration of the sustainable development of solar-only thermal power plants in the both the short and 
long terms [2]. The integrated solar combined cycle system (ISCCs) initially proposed by Luz Solar International is 
a typical hybrid system that integrates solar heat and fossil fuel [3,4,5]. The solar gas turbine system is another 
promising hybrid solar/fossil technology. Pressurized air receivers are used in solar tower plants to heat the 
compressed air in the gas turbine to temperatures up to 1000 °C or higher [6,7,8].  
By the end of 2011, coal-fired plants account for 80% of China's installed electricity capacity. Where, small scale 
plants with a capacity of 200 MWe or less accounted for almost half of the total coal-fired plants. These plants may 
be eliminated, and local governments have already planned to decommission some of them. Nevertheless, replacing 
all small coal-fired plants with large-capacity systems would incur large costs and a waste of investment in fixed 
assets. The aforementioned solar-coal hybrid power plant is a promising technology that could upgrade existing 
small power stations to reduce fuel costs and minimize environmental impact.  
The demonstration solar-coal hybrid power plant was first built in Colorado in 2010. This plant integrated a 
previously existing 44 MW coal-fired power plant and a 4 MW CSP installation [9]. Yang et al. contributed to the 
thermodynamic advantages analysis of the solar-coal hybrid power plant, by analyzing the overall efficiencies of the 
solar hybrid power plant with different solar replacements of the extraction steam. The results indicated that the solar 
thermal to electricity conversion efficiencies of the solar hybrid power plant are higher than those of a solar-only 
power plant with solar heat input at the same temperature [10,11]. Replacement of higher grade extraction steam 
facilitates better thermal performance and efficiency [12]. Hong et al. [13] investigated the exergy destruction of a 
solar-coal hybrid power plant using an energy-utilization diagram (EUD) methodology. Zhao et al. [14] proposed a 
hybrid power system combining mid-temperature solar heat and a coal-fired power plant to capture CO2.  
Researchers have intensively studied the solar-coal hybrid power plant, including its thermodynamic 
performances, mechanism, and analytical method, but most of these studies were based on design conditions. The 
solar system usually operates under an off-design condition with the highly time-varying solar irradiation. However, 
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the thermodynamic performance of the solar-coal hybrid power plant during the off-design period has not yet been 
thoroughly discussed. 
The objectives of the present study were to investigate the thermodynamic performances of solar-coal hybrid 
power plant under off-design operation conditions, and to study the annual thermodynamic performance and 
economic performance. 
2. System description 
A typical 330 MW (before hybridization) reheat coal-fired power plant in Sinkiang, China was selected as the 
case study, as shown in Figure 1. Before hybridization, the unsaturated boiler feed water from the condenser enters 
into the boiler after going through three low-pressure feed water heaters (FWH7, FWH6, and FWH5), a deaerator, 
and three high-pressure feed water heaters (FWH3, FWH2, and FWH1). Steam are extracted from different stages of 
the steam turbine to these seven feed water heaters. The superheated steam from the boiler travels to the high-
pressure stage of the turbine. The exhaust steam from the high-pressure turbine then drives the intermediate pressure 
and lower pressure cylinders after being reheated in the boiler. The final exhaust is finally condensed in the 
condenser. 
After hybridization, a solar-driven feed water heater is added in parallel with the first-stage heater (FWH1 in 
Fig.1). When the solar irradiation is sufficient, the first stage extracted steam is cut off, and the feed water is heated 
in the solar-driven feed water heater. When solar irradiation is insufficient to replace the first-stage extracted steam 
completely, the total flow of the feed water at the inlet of the first feed water heater is separated into two parts. One 
part is introduced into the previous FWH1, whereas the other flows into the solar feed water heaters (SWH). In this 
way, the feed water can be simultaneously heated by the extracted steam of the turbine and the concentrated solar 
heat. The outlet temperature of both the SWH and the FWH1 can reach the required inlet temperature of the boiler 
by changing the flow rate of both the thermal oil and the feed water into the solar collectors. 
In order to have a proper overall solar field size related to nominal Rankine cycle thermal power, it is necessary to 
set a design point in which solar field performance is nominal. This point is commonly fixed on the 21st June at 
solar noon. This typical coal-fired power plant is located in Changji City, Sinkiang province of China at a latitude of 
44.1°N, with annual solar radiation of 1319 kWh/m2. The weather data of Changji City was offered by NREL’s 
standard system advisor model library (SAM). For this site, at this time, direct solar irradiance is 722 W/m2, air 
temperature is 25°C and incidence angle of solar radiation is 9.25°.  
The luz LS-3 collector which was the final concentrator design used at the newest SEGS plants (SEGS VII - IX) 
is selected in the solar-oal hybrid power plant. N-S axis tracking mode is selected, since the N-S tracking axis 
receives higher irradiation than the E-W tracking axis except in winter. Dowtherm_A thermal oil is selected as the 
HTF in solar receiver. When the first stage extracted steam was substituted, the inlet and outlet temperature of solar 
field are separately 276 °C and 292 °C to match with the feed water temperature. Therefore, higher solar field 
efficiency could be obtained comparing to traditional solar thermal power plant. 
The solar-coal hybrid power plant has several advantages: 1) The plant can be operated at a fully rated output 
during periods of low solar radiation such as during the evening and overcast days. Thus, the proposed solar hybrid 
power plant could operate continuously without an energy storage device, thus reducing cost and simplifying the 
system. The problem of solar intermittency is thus mitigated. 2) The steam can be more effectively converted into 
work with the aid of the relatively larger capacity units of the coal-fired plant with higher turbine internal efficiency 
and the main steam with relatively higher parameters, compared with a solar-only thermal power plant with small 
units. Thus, solar energy can be more effectively used in a solar hybrid power plant. 3) The plant could be built by 
modifying the existed coal-fired power plant. The existing infrastructure of the coal-fired power plant could be 
utilized. Besides, solar collectors with lower temperature range can be used compared to that of the solar only 
thermal power plant. Therefore a relatively low implementation cost becomes a reality. 
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Fig. 1. Schematic diagram of the solar-coal hybrid power plant 
3. Off-design thermodynamic performance model 
The actual operational data of the existing 330 MW coal-fired power plant in Changji City in 2011 is used here, 
to simulate the solar-coal hybrid power plant. Solar field efficiency is an important parameter which directly 
influences the thermodynamic performances of a solar thermal power plant. For luz LS-3 collector, the instantaneous 
solar field efficiency is given as follows: 
4 4
, 1 2cos -[ ( - ) ( - )]OPT sh e f a f a
COL
I A K F a T T a T T
IA
T T TK T N KK u u u u u u u                                   (1) 
where ηOPT is the optical efficiency for DNI radiation, I is the DNI radiation, A is the collector aperture, θ is the 
incident angle, Kθ is the incident angle modifier (IAM), κθ is the end effect correction, ηsh, θ is the lateral shading 
correction , Fe is the soiling factor (mirror cleanliness), a1 and a2 are coefficients related to heat convection and heat 
radiation, Tf is the mean loop Heat Transfer Fluid (HTF) temperature, Ta is ambient temperature. Obviously, the 
main influence factors of solar field efficiency are DNI, incident angle and mean loop HTF temperature. 
When the extracted steam is replaced by solar heat, the steam mass flows through the lower stage turbines are 
changed. In other words, the lower stage turbines are actually working at off design conditions. According to Bartlett 
[15], the percent reduction in turbine efficiency could be considered as a function of the flow ratio:  
2% 0.191 0.409( / ) 0.218( / )ref refReduction m m m m     
Where m is the flow rate at part load conditions, mref  is the flow rate at design conditions. 
It could be calculated that the variation of turbine efficiency is less than 1% even if the first stage extracted steam 
was totally replaced by solar energy. Therefore, the turbine efficiency of the solar-coal hybrid power plant could be 
supposed as the same as that of the previously existing coal-fired power plant. The solar gross electric generation is 
denoted as: 
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solar solar steamN Q K u  
where ηsteam is the thermal efficiency of the first-stage extracted steam before hybridization, and Qsolar is solar heat 
in the power block. 
The indicators of solar-to-electric of the proposed system are adopted from previous related literature and are 
written as follows:  
Solar-to-electric efficiency:  
Solar
Sol
N
DNI S
K  u                                                                                                                                                    (2) 
where DNI is the direct-normal insolation, and S is the aperture area of the collector field. 
Fig. 2 depicts the net solar-to-electricity efficiency on typical days of the year. It is observed, that the peak solar-
to-electricity efficiency in summer can reach up to 26.3%, even the mid-temperature solar heat of 300 °C is utilized. 
In spring and autumn, although slightly lower than in summer, peak solar-to-electric efficiency can still reach as high 
as 22.1%. In winter, the peak solar-to-electric efficiency is only 12.8% owing to the decrease of DNI and the 
increase of solar incident angle. 
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Fig. 2 Net solar-to-electricity efficiency on typical days of the year 
4. Annual performance and economic analysis 
Annual thermodynamic performance is necessary for economic analysis. In order to simplify calculations, 
monthly average DNI and solar incident angle have been calculated for each month. The weather data of Changji 
City was offered by NREL’s standard system advisor model library (SAM).  
For an operation strategy, the daily solar plant operation period must be taken into account. The operation hours 
refers to the time span in which the parabolic trough collectors are focused and, as a result, there is a useful heat gain 
from the solar field. For the case considered, the solar collectors produce thermal power for direct normal irradiation 
values above 200 W/m2. 
The plant performance is depicted in Table 1. The annual solar field efficiency of the solar-coal hybrid power 
plant could reach to about 55.6%. And the annual solar to electricity efficiency could reach as high as 21%, which is 
about 3% higher than the state-of-the art parabolich trough SEGS plant. There are mainly two reasons. Firstly, the 
solar field temperatures are lower than solar-only thermal power plant (reduce heat losses). Secondly, the off-design 
thermodynamic performance of the solar-coal hybrid power plant is superior to that of solar-only thermal power 
plant.  
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The solar field of the new plant is also lower than solar-only thermal power plant. Because with the aid of the 
relatively larger capacity units of the coal-fired plant with higher turbine internal efficiency and the main steam with 
relatively higher parameters compared with a solar-only thermal power plant of small units, the steam can be 
converted into work more effectively. 
Table 1. Plant performance 
Items Solar only Solar hybrid 
Net power (MWe) 13.5 13.5 
Solar field (m2) 74621 71056 
Annual net solar to electricity efficiency 18% 21% 
Average (annual) solar to heat efficiency  52.70% 55.60% 
MWh/yr (net) 26494 28091 
Capacity Factor 0.223  0.238  
 
The LCOE has been calculated according to Equation: 
&+= invest O M
net
fcr C CLCOE
E
u
                                                                                                                             (3) 
Using the annuity factor: 
(1 )
(1 ) -1
n
d d
n
d
k kfcr
k
u                                                                                                                                               (4) 
Where kd is the real debt interest; n is the depreciation period in years; Cinvest is the total investment of the plant; 
CO&M is the annual operation and maintenance costs; Enet is the annual net electricity. 
The plants installed costs and O&M costs are listed in Table 2. Typical financial conditions are assumed (7%, 30 
yr). The existing infrastructure of original coal-fired power plant could be utilized, so the cost of power block is not 
needed. Operation and maintenance costs will be similar in all the cases. The main differences are caused by solar 
field costs. 
Table 2. plants installed costs and O&M costs 
Investment  
Solar field 1900 ̞/m2 
Land Cost 120 ̞/m2 
heat exchanger 6300000 ̞ 
Engineering & Construction Cost 6% 
Unplanned Cost 15% 
Operation and maintenance  
Labour cost per employee and year 60000 ̞/(year*person) 
Number of persons 10×SM 
O&M equipment cost percentage of investment per year 1% 
Financial parameters  
Lifetime 30 year 
Debt interest rate 7% 
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The more efficient the plant is at peak conditions, the less collection area is required. Therefore, the solar field 
costs are slightly lower for this solar-coal hybrid power plant. Besides, the new plant does not need power block and 
energy storage device, which could further reduce the overall cost. For the solar-coal hybrid power plant, the 
levelized cost of electricity generation (LCOE) could be reduced to 0.8-1.0̞/kWh, about 20-30% lower than solar-
only thermal power plant (1.1-1.3̞/kWh).  
High cost is usually the primary restriction limiting the future development of solar energy technologies, 
especially for developing countries such as China. Clearly, the solar-coal hybrid power plant provides a promising 
way to use solar energy effectively at low costs.  
5. Conclusion 
A typical 330 MW solar-coal hybrid power plant was evaluated in this study. The off-design performance of the 
solar-coal hybrid power plant is analyzed. The annual solar field efficiency of the solar-coal hybrid power plant 
could reach to about 55.6%. And the annual solar to electricity efficiency could reach as high as 21%, which is about 
3% higher than the state-of-the art parabolich trough SEGS plant. The LCOE of solar-coal hybrid power plant would 
reduced to 0.8-1.0̞/kWh, about 20-30% lower than the solar-only thermal power plant. The results obtained in this 
study indicate that the solar-coal hybrid power plant not only generates electricity by utilizing mid-temperature solar 
heat, but also achieves better off-design performance than the solar-only thermal power plant. 
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